Abstract Currently, thousands of tons of metallic nanoparticles (MNPs) are produced and utilized in nanoenabled devises, personal care, medicinal, food and agricultural products. It is generally accepted that the reaction compounds and the techniques used in industrial production of MNPs are not environmentally friendly. The green synthesis has been proposed as an alternative to reduce the use of hazardous compounds and harsh reaction conditions in the production of MNPs. In this endeavor, investigators have used organic compounds, microbes, plants and plantderived materials as reducing agents. Research papers are published every year, and each one of them stresses the benefits of the green approach and the advantages over the traditional syntheses. However, after almost two decades since the explosion of the reports about the new approach, the commercial production of green-synthesized nanoparticles does not seem to find a way to scale up commercial production. This review includes descriptions of the traditional and green synthesis and applications of MNPs and highlights the factors limiting the use of plant-based synthesis as a real alternative to the traditional synthesis of MNPs.
Introduction
In the first three decades of the twenty-first century, society has been exposed to a large amount of nano-enabled products. The Nanotechnology Consumer Products Inventory currently lists 622 companies in 32 countries, which together produce 1814 nano-enabled consumer products [210] . Despite the progress in the use of tiny materials cataloged as ''nano,'' there is still a debate in some aspects of the terminology associated with this new technological revolution. There are several expressions associated with nanotechnology, but two of the most frequently used terms are ''nanomaterial'' and ''nanoparticle.'' Although sometimes both terms are used as synonymous, the American Society for Testing and Materials (ASTM) [8] has stated that a ''nanoparticle (NP) is a sub-classification of ultrafine particle with lengths in two or three dimensions greater than 0.001 lm (1 nm) and smaller than about 0.1 lm (100 nm) and which may or may not exhibit a size-related intensive property.'' On the other hand, the European Union has defined nanomaterial as: ''Nanomaterial means a natural, incidental or manufactured material containing particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50 % or more of the particles in the number size distribution, one or more external dimensions are in the size range 1-100 nm'' [35] .
It is well known that metallic nanoparticels (MNPs) possess unique properties, different from the microsized materials, which allow multiple industrial, agricultural, and household applications. As a result, there has been an accelerated development and massive production of new MNPs to supply the ever-increasing demand for nanotechnology-based goods and devices. The estimated global production of MNPs for 2010 was of 260,000-309,000 metric tons. At the top of the list are: silica, titania, alumina, iron, and zinc oxides [85] .
Several publications describe the traditional methods used to produce MNPs for industrial applications. Detailed examples can be found in a publication by The Royal Society [197] and in the review by Charitidis et al. [29] . To briefly summarize, the variety of techniques used for the mass production of MNPs have been grouped into two categories: ''top-down'' and ''bottom-up'' techniques. In top-down techniques, the process starts with a block of material that is crushed to the desired shape. Nano-enabled devices like computer chips and high-quality optical mirrors are produced using top-down techniques. In the bottom-up technique, small units (atoms or molecules) are assembled to make a larger structure. This technique is used to produce cosmetics, fuel additives, and molecular devices [197] . Further details will be presented in this review.
Important characteristics of MNPs for industrial and medical applications include type of material, size, shape, composition, and surface charge, among others. The purity and uniformity of the nanomaterial is particularly important in many applications, like in cosmetics, where impurities may have serious effects in users [57] . Similarly, the high-quality performance of electronics devices relies on the high purity of components [55] . In biological sciences, MNPs have gained a preponderant place in multiple applications. Essentially, each application requires particles with unique characteristics. For example, doublestranded DNA separation has shown to be size dependent [77] . Adams et al. [1] reported a size-dependent toxicity of Pd NPs to Escherichia coli and Staphylococcus aureus. In a literature review, Fröhlich [58] analyzed the effects of particle surface charge on its interaction with the cell and subsequent cellular response. The literature on characteristics of drug nanocarriers for cancer treatment was analyzed by Pérez-Herrero and Fernández-Medarde [149] . These authors highlight the importance of the size of carrier particles for their movement within the body, avoiding the action of the defensive body cells and the reticuloendothelial system. The current review includes descriptions of traditional techniques as well as green approaches by using plants/plant-derived materials for the synthesis of MNPs using plants/plant-derived materials. We analyze aspects concerning the most produced and used NPs including Au, Ag, Cu, CeO 2 , TiO 2 , ZnO, and Fe NPs. We discuss some of the reasons why the green synthesis approaches have not been used for the mass production of widely applied MNPs.
Chemical synthesis and applications of MNPs
Engineered nanomaterials are designed with a specific purpose or for a specific process. The applications of MNPs are various and include, but are not limited, to the following: catalysis, biomedical, biosensing, environmental remediation/reclamation, pest control, and water treatment. In general, the synthesis of metallic MNPs is achieved through the reduction of the parent ion in different ways. The synthesis of MNPs varies depending on the desired product, and there are numerous methods for their production. Figure 1 shows a summary of methods used for the synthesis of MNPs. The following sections contain a brief description of the methods.
Chemical synthesis

Metal reduction
In a solution containing a metal ion, a reducing agent is added to synthesize the NPs. This method is used for the preparation of copper, gold, and silver NPs. The reduction of the metal ions in solution is achieved with NaBH 4 , sodium citrate, ascorbic acid, and hydrazine, which is accompanied by a capping/stabilizing agent [25, 41, 207] . The media for the reaction can also act as the reducing and stabilizing agent, which is referred to as the polyol method, where a polyol is the reducing and capping agent [152] . The size and shape of the nanomaterials show control based on a combination of the metal ion concentration, the reducing agent, and the capping/stabilizing agent.
Bottom-up methods
Hydrothermal/solvothermal synthesis Hydrothermal and solvothermal syntheses are similar techniques; the only difference in the two methods is the solvent system used. In hydrothermal synthesis, water is the medium for the synthesis, whereas any solvent can be used in solvothermal method [32, 86, 91] . The hydrothermal and solvothermal synthesis techniques have generated MNPs with very specific shapes and sizes that enhance the properties of nanomaterials. In addition, hydrothermal and solvothermal processes can be performed under microwave irradiation, which has been shown to affect the properties of the synthesized MNPs.
Sol-gel method The sol-gel method has been traditionally used for the synthesis of nanomaterials/colloids from solution. In general, the method consists of generating a gel in solution through the hydrolysis of a metal ion; the gel coagulates forming particles [32, 91, 112, 136] . The synthesis can be achieved with different precursors such as the metal ions (from metallic salts) and organo-metal complexes [32] . The MNPs obtained through this process can be tailored to any desired application; in addition, there is good control on the size and morphology of the synthesized NPs.
Sonochemical method In sonochemical synthesis, ultrasound is used as an energy source [32] . The ultrasound waves form cavitation in the solvent that produces intense energy, causing local heating and high pressures [32] . The local energy results in fast reactions and rapid synthesis of MNPs with controlled sizes and shapes [32, 91, 136] . It is worth mentioning the tutorial developed by Xu et al. [223] where phenomena occurring in sonochemistry were highlighted.
Top-down methods
Chemical and vapor deposition In chemical and vapor deposition techniques, the materials are first placed into the gas phase and into the solid phase [32] and are performed under vacuum. If a chemical reaction occurs during the deposition, then the process is called chemical vapor deposition (CVD); if no reaction is observed, then the process is called physical vapor deposition (PVD) [32] .
The material is heated to its vaporization point and then condensed onto a target or substrate. In general, CVD and PVD techniques are used to make thin films and nanofilms of materials for specific applications such as optical coatings and photovoltaic applications.
Combustion Combustion synthesis consists of two sub techniques: solid-state combustion and solution combustion syntheses [146, 147] . In solid-state combustion synthesis, both the starting materials and final products are in the solid phase [146, 147] . The reactants are pressed into a pellet and combusted by an external source. The ignition of the pellet starts an exothermic reaction that is self-propagating and synthesizes the NPs [146, 147] . The solution combustion synthesis consists of rapidly heating a solution containing metal nitrate and a fuel source such as urea/ hydrazides [146, 147] . Combustion synthesis techniques have been successfully employed to synthesize metal oxide NPs and composite nanomaterials such as Au on CeO 2 and Ag on CeO 2 [146, 147] . In addition, Eu 3? -activated red phosphors LnMAlO 4 , where ''Ln = La or Y and M = Ca or Sr, having K 2 Ni 4 '' structure and lamp phosphorus have been prepared using aqueous combustion synthesis and solid-state methods [50, 51] .
Applications of engineered and manufactured nanomaterials
For the most part, applications of MNPs are very similar to the application of parent metal ions or the bulk materials. Gold and silver MNPs have numerous applications and are perhaps among the most studied NPs. In the last decade, other MNPs such as CeO 2 , Cu/CuO, TiO 2 , ZnO, and Fe/Fe oxide have gained attention due to their application in goods, consumer products, and environmental remediation. Catalysis of organic reactions: Diels-Alder reactions and oxidation of phenylsilanes to silanols Cong et al. [36] , Mitsudome et al. [125] Catalytic in Michael addition, Friedel-Crafts reactions, reduction reactions, cross-coupling reaction, oxidation reactions, alkynylation and alkylation reactions Dong et al. [48] Surface-enhanced Raman spectroscopy (SERS) combined with membrane electrophoresis for cancer determination Lin et al. [107] Copperbased ENPs
Optical, thermal, electrical properties, catalytic applications, and antibacterial properties Tamilvanan et al. [195] , Soomro et al. [183] Catalysis for the formation of carbon-carbon bonds from C(aryl)-C(aryl/alkynyl)
Ranu et al. [161] Catalysis in cyclization of Schiff bases Kidwai et al. [88] Oxidation of CO to CO 2 Tu et al. [206] Hydrogenolysis of glycerol Huang et al. [78] Catalysis in ''click'' reaction between terminal alkynes and azides Sarkar et al. [173] most produced MNPs. As seen in this table, Au, Ag, Cu, and ZnO NPs have biomedical applications [107, 148, 164, 166, 203] . Silver and Au NPs have also been used as sensors and catalysts [36, 37, 48, 88, 106, 108, 123, 125, 161, 166] . Zinc Oxide NPs are used in food packaging [91] and personal care products [85] . Titanium dioxide NPs are used in personal care products [85] ; catalysis [124] , and solar cells [112, 124] . Iron-based NPs are used in many applications including environmental remediation [205] . More details are shown in Table 1 .
Green synthesis and applications of metal-based nanomaterials
According to Cheviron et al. [34] , there are three general aspects that need to be considered in green synthesis: solvent medium, non-toxic reducing agents, and environmentally safe nanoparticle stabilizers. Cruz et al. [39] stated that green synthesis by plant extracts can be comparable to some conventional methods; however, they did not give details about nanoparticle yields, stability, and ions reduction mechanisms. The mass production of atomically precise MNPs requires highly reactive substances and/or energy consuming procedures, which are not considered environmentally friendly [144, 216] . To overcome this problem, researchers began to use more environmentally benign methods that are collectively called green synthesis. A simple search using ScienceDirect.com and the keywords ''green synthesis of metal nanoparticles'' showed 21,488 results, while SciFinder Scholar showed 1326 results (January 11, 2016). Figure 2 shows the annual publications about the green synthesis of MNPs since 2000-2016. As seen in this figure, there has been a constant increase in publications since 2006. The biological synthesis has been accomplished using viruses, bacteria, fungi, and plants [19, 89, 128, 129] . For a complete review on the synthesis of MNPs by microbes, the reader is directed to Narayanan and Sakthivel [137] , Hulkoti and Taranath [79] , and Virkutyte and Varma [216] .
Reports of the reduction of precious metals by inactivated plant materials date back almost 100 years. Molisch [126] and Iwase [81] studied the reduction of Ag by plant chlorophyll and the reduction of Au by extract of fresh leaves, respectively. About 66 years ago, Nagai [133] reported the reduction of Ag(NO) 3 by plant cells. A decade ago, Armendariz et al. [10, 11] reported the bioreduction of KAuCl 4 by powdered wheat (Triticum aestivum) and oat (Avena sativa) biomasses and the subsequent formation of Au NPs. These researchers reported that the solution pH is a key variable to control the size and to reduce the polydispersity of the biogenic Au NPs. More recently, Montes et al. [127] reported that the biomass solvent extract determined the type of biogenic Au NPs. Water extracts of alfalfa (Medicago sativa) biomass led to the formation of triangular nanoplates, while isopropyl alcohol extract rendered decahedra and icosahedra NPs [127] . Besides biomass, living plants can also reduce KAuCl 4 and form metal NPs. Gardea-Torresdey et al. [61, 62] reported, for the first time, the formation of metal NPs by living plants exposed to AuCl 4 -solution. Alfalfa plants were grown in an agar medium spiked with AuCl 4 -and formed crystalline pure Au NPs, confirming that the NPs grew within the plant [61] . A year later, these researchers reported the formation of silver nanowires inside stems of alfalfa plants exposed to silver chloride [62] . Since then, thousands of papers have reported the formation of MNPs by plant or plant-derived materials. Extensive details can be found in Hong et al. [76] and Virkutyte and Varma [216] .
Green synthesis of gold nanoparticles
Gold NPs have been synthesized using different green approaches that include biologically based chemicals, plants/plant-derived materials, algae, bacteria, and microbes. The green-synthesized Au NPs have similar physical characteristics as chemically synthesized nanomaterials (Table 2 ). Numerous chemicals have been extracted from living systems, which have shown much promise in the reduction of Au ions to Au NPs. These biologically relevant materials include simple organic chemicals such as citric acid and ascorbic acid [207] .
Perhaps one of the best known reduction techniques for the synthesis of Au NPs is the Turkevich method, where Au(III) ions are reacted with citric acid/sodium citrate at elevated temperatures, causing the reduction of ions to Au NPs [207, 208] . The reduction technique using citric acid/sodium citrate has shown that the synthesized NPs' size and shape is depend on the concentration of the citrate. The average particle size of the NPs also depends on the time and the chemicals used [207, 208] . Furthermore, in the synthesis of the Au NPs through the Turkevich method, the oxidized citric acid becomes the stabilizing agent for the produced NPs [207] . Similarly, ascorbic acid and tannic acid have been shown to reduce Au(III) ions to produce Au NPs [2, 175] . Additionally, different polysaccharides and phytochemicals have been used for the synthesis of Au NPs [143] . Studies have shown that gum Arabic, a polysaccharide extracted from Acacia trees, has been successfully used as a reducing agent for the synthesis of Au NPs. Wu and Chen [221] showed that at a temperature of 50°C, the reduction of the Au ions occurs within the first 15 min of reaction time. Plant extracts have shown to be effective in the reduction of Au ions to Au NPs [138] . Table 2 shows a summary of the synthesis of Au NPs using plants/plant extracts. As seen in this table, tetrachloroaurate has been used as precursor in all the cases. Although the forms and applications are similar to those observed in chemically synthesized NPs, the size of the green-synthesized NPs, with the exception of those synthesized using honey and banana peel, shows higher variability. This might be one of the reasons that have prevented the massive production of Au NPs using plants/plants extracts.
Green synthesis of silver nanoparticles
Silver nanoparticles (Ag NPs) have been extensively synthesized and studied because of their unique physical, chemical, and biological properties [17, 212] . Global synthesis of Ag NPs has been estimated to be 55 tons per year [22] . The synthesis process of these NPs involves reduction of the silver ions, nucleation, and growth of the particles [38] . A summary of the methods is shown in Fig. 1 . One of the main challenges using traditional methods to synthesize Ag NPs is the high cost of equipment. Moreover, sometimes the addition of surfactants or stabilizers is needed during the synthesis to avoid nanoparticle aggregation [140] . Hart et al. [72] stated that size and monodispersion of the particles define their chemical, optical, and physical properties. Smaller particles are desirable because they have lesser Van der Waals interactions, which avoid aggregation and precipitation.
Lately, researchers have been looking for greener technologies to manufacture NPs [92] . Green technologies to produce Ag NPs are described in Table 3 . As indicated in Table 3 , Ag(NO) 3 has been used as precursor and extracts from different plant parts have been used as reducers. Researchers reported that main compounds involved in Ag(NO) 3 reduction can be proteins, carbohydrates, flavonoids, phenols, vitamins, and capsaicinoids [17, 110] . David et al. [43] synthesized Ag NPs from the European black elderberry fruit extract mixed with 1 % of Ag(NO) 3 . These authors suggest that fruit polyphenols are the reducers, while polyphenols act as capping agents. However, the Ag reduction mechanism was not elucidated in this study. David et al. [43] also tested the anti-inflammatory effects of the green-synthesized Ag NPs but did not compare the effects with those of NPs synthesized by other methods. Cruz et al. [39] reported that the glycoside verbascoside is the major reducing component in the extract of Lippia citrodora and they suggested that this compound acted as reducer and capping agent, promoting the stability of Ag NPs. Kouvaris et al. [92] also synthesized Ag NPs from Arbutus unedo leaf extract and stated that organic compounds are responsible for reduction and stabilization of NPs. Several researchers suggest that green-synthesized Ag NPs can be used for drug delivery due to the compatibility of some pharmaceutical drugs with natural capping agents; however, the feasibility of their use in biomedical areas has not been tested. Most of the studies reported in the literature confirmed the synthesis of Ag NPs by plant extracts as a single step; nonetheless, organic compounds responsible for the Ag ion reduction have not been clearly identified.
Barbinta-Patrascu et al. [17] suggested that alkaloids and flavonoids from Chelidonium majus L. are responsible for the reduction Ag ions and capping agents for the NPs. These authors compared the antimicrobial activity of green-synthesized Ag NPs against E. coli ATCC8738 strain with that synthesized by classical methods. They observed that alkaloids or phenolic compounds present in plant extracts, which have antibacterial activity, increased the inhibition zone diameter of the green-synthesized NPs. Coseri et al. [38] used the polysaccharide pullulan and oxidized pullulan to synthesize and stabilize Ag NPs. They reported that the size of the NPs varied depending upon the concentration of Ag(NO) 3 and pullulan used (from 30 to Suarez-Cerda et al. [187] 50 nm for natural pullulan and 8-25 nm for oxidized pullulan). The authors explained the inconsistencies in the results for the NPs' size due to the sample preparation. Kumar et al. [96, 98, 99] synthesized Ag NPs using Capuli cherry extract exposed to white solar and blue light-emitting diode (LED) light. They showed that silver ions were reduced faster (8 h) when blue LED light was applied, compared to those NPs synthesized in white solar light (96 h). The authors reported different methods for Ag NPs characterization; however, they did not give any information related to the role of some components from the extract on the reduction of Ag. Ag NPs also have been synthesized by other plant parts such as shell, seed, or flower petal extracts [21, 110, 187, 212] . As mentioned before, these studies were mainly focused at the characterization of obtained Ag NPs; however, reduction mechanism, yield of NPs, and feasibility to use them in similar way to chemically synthesized Ag NPs have not been demonstrated.
Green synthesis of Cu-based nanoparticles
Copper and CuO NPS are attracting attention due to their wide applications. The variety of applications of Cu and CuO NPs are described in Table 1 . As catalytic or antibacterial materials, Cu and CuO NPs have the advantages of lower cost and increased abundance when compared to Ag, Au, and Pt [24] . However, the use of toxic chemicals during synthesis of Cu and CuO NPs limits their application in the clinical field [27] . In addition, their higher dissolution rates and toxicological properties limit the use of Cu-based NPs. Green synthesis of Cu NPs can reduce or eliminate the use and generation of hazardous substances; therefore, the method has received some attention. Xiong et al. [222] used L-ascorbic acid as a reducing agent and successfully synthesized highly stable Cu NPs. They reported there are three key factors in the reduction of Cu ions to Cu NPs: (1) the solvent medium, (2) the reducing agent, and (3) the capping agent [222] . Plant extracts contain various primary and secondary low molecular weight metabolites, such as amino acid, reducing sugars, and phenolics, which are reported to act as reducing or capping agents during Cu NPs' synthesis. In recent years, several studies using plant extracts as reducing and capping agents to synthesize Cu and CuO NPs have been published. Table 4 summarizes studies about the green synthesis of Cu-based NPs. As seen in the table, Cu and CuO NPs have been manufactured using various Cu compounds and extracts from different plant parts. The table also shows that plant extract-synthesized Cu NPs are mainly used as antibacterial, and some were tested in photocatalyst, antioxidant, and conductive nanobiocomposites. It is noteworthy that even though there are wide applications of Cu and Cu NPs in various fields, most of the green-synthesized Cu and CuO NPs are primarily used in antibacterial activity. As seen in Table 4 , there is high variability in the precursor concentration (1-50 mM). In addition, the ratio of the amount of precursor to the amount of plant extract used in the synthesis varied from 1:1 to 1:10. Although the majority of the reports have shown that most of the particles formed are spherical and the reported sizes vary from 3 to 250 nm. This, coupled with a lack of data on the performance of the techniques, may be limiting the use of green techniques for the production of high volume of Cu/CuO NPs.
Green synthesis of zinc oxide nanoparticles (ZnO)
Zinc oxide NPs (ZnO NPs) have a wide band gap and large binding energy, which made them widely used in photovoltaic and photocatalytic applications. It is one of the metal oxide NPs that are produced in large quantities with an annual global production estimate of 31,000-34,000 metric tons [102] . The methods used in manufacturing ZnO Padil and Cerník [142] NPs are shown in Fig. 1 There is an increasing number of reports regarding the green biosynthesis of ZnO NPs using plant extracts [15, 26, 46] . Table 5 presents several studies where the green synthesis of ZnO NPs was investigated. As seen in the table, ZnO NPs were manufactured from different zinc compounds (e.g., zinc acetate, zinc nitrate, zinc sulfate) using extracts from different parts (stem, leaf, flower, and fruit) of various plants (e.g., trees, herbs, ornamentals, and seaweeds). Other researchers reported ZnO NP synthesis using Aloe vera, palm pollen, and dried leaves of zinc hyperaccumulator plants [14, 100, 156] . It is also apparent from the table that the ratio of the amount of precursor Zn compound to the amount of plant extract has the same problem of variability as other NPs. In addition, greensynthesized ZnO NPs had morphologies of hexagonal, spherical, rod, and crystalline, and particle sizes from 9 to 180 nm. The table also shows that the plant extract-synthesized ZnO NPs were tested for various applications and found to exhibit similar properties as chemically synthesized ZnO NPs. Some researchers noted that the greensynthesized ZnO NPs were clean and free of harsh chemicals that make them suitable for biological, pharmaceutical, and medical applications [15, 26, 165] , which could give green synthesis an advantage over traditional synthesis.
The general procedure for biogenic synthesis of ZnO NPs utilizes plant metabolites in a relatively facile and rapid one-pot experiment [20, 165] . However, the mechanisms for the green synthesis of ZnO NPs are not fully understood. A review of the studies presented in Table 5 revealed that few papers (6 out of 21) tried to elucidate the mechanisms involved in plant extract-mediated synthesis of ZnO NPs. For example, researchers who worked on Azadirachta indica (L.) leaf extract reported that polyols from water-soluble phenolic, flavonoid, and quinone compounds were the major phytochemicals that elicited the formation of ZnO NPs [20, 52] . Kumar et al. [95] hypothesized that free OH/COOH from flavonoids, limonoids, and carotenoid molecules from Citrus paradisi peel extract formed complexes with zinc, which yielded ZnO NPs after oven-drying. In addition, Bala et al. [15] deduced that amino and carboxylic groups in proteins, phenolics, flavonoids, and alkaloids in Hibiscus subdariffa leaf extract functioned as reducing agents for ZnO NPs formation, while amide from proteins and carbonyl and alkyl groups in heterocyclic compounds acted as stabilizer. In another study, Davar et al. [42] used citric acid from lemon fruit extract and sucrose for the green synthesis of ZnO NPs.
These researchers indicated that citric acid adsorbed Zn cations that directed the nanostructure formation, while sucrose reduced the crystallization rates, resulting in improved uniformity of ZnO NPs. Similarly, Buazar et al. [26] reported that the long alkyl chain in starch from potato extract served as reducing and capping agents, promoted the monodispersity, and decreased the size of to ZnO NPs. Several reviews have documented the progress in the emerging field of biogenic synthesis of ZnO NPs [80, 87, 165] . Studies presented in Table 5 are focused on demonstrating the feasibility of plant extract-mediated ZnO NPs synthesis. However, questions arise on whether this method can be adopted for massive production of ZnO NPs to meet industrial needs.
Green synthesis of titanium dioxide NPs (TiO 2 )
Titanium dioxide (TiO 2 ) NPs are the most widely produced MNPs in the world, with an annual global production estimate of 83,500-88,000 metric tons [102] . The high prevalence of TiO 2 NPs in the market is due to their many versatile applications originating from the stability of the chemical structure, physical, optical, and electrical properties. TiO 2 exists in three different mineral forms: anatase, rutile, and brookite; usually the former is preferred, due to its increased photocatalytic activity [112] . Several procedures have been developed over the last two decades to synthesize TiO 2 NPs. Although these methods effectively control the desired NP properties, they often use materials with potential hazards such as carcinogenicity and toxicity [4] .
Despite the high production and wide use of TiO 2 NPs, very few attempts have been made for the biogenic production. A few plant species have been investigated for the production of TiO 2 NPs (Table 6 ). Titanium dioxide hydrate has been used as precursor in most of the studies on the green synthesis of TiO 2 ; spherical NPs have been the most produced NPs. In addition, almost all of them have been reported to have antiparasitic properties. However, there are no studies on the comparison of the green-synthesized TiO 2 NPs with NPs synthesized with other methods. It is possible that the stability of the bulk TiO 2 limits its breakdown by some plant extracts, reducing the availability of Ti ions to form TiO 2 NPs.
Green synthesis of cerium dioxide (CeO 2 )
Cerium oxide NPs (CeO 2 NPs) have excellent catalytic properties due to wide band gap energy and large exciton binding energy, showing a wide variety of applications [217] . The CeO 2 NP properties (e.g., catalytic activity) could be significantly affected by their solubility, particle size, surface coating/modification, surface charge, crystal Kumar et al. [95] structure and morphology [224] . These variations might be controlled by adjusting the synthesis routes and tuning their kinetic parameters [73] . [12, 80] . At the end, this means threats to the environment and lower cost effectiveness. For example, in solvothermal synthesis, solvents are used under pressures and temperatures above critical points in order to increase the solubility of solids and to accelerate reactions between solids [70] . All these steps require high consumption of energy and might represent safety threats. Recently, an increasing number of reports have described the green synthesis of CeO 2 NPs using plant extracts [12, 116-118, 168, 170, 201] (Table 7) . Compounds such as cerium acetate, cerium nitrate, and cerium chloride have been used as precursors, and extracts from different plant parts (leaves and flowers) have been used as reducing agents. Moss of the green-synthesized CeO 2 NPs are spherical and crystalline, with particle size varying from 4 to 19 nm. The table also shows that plant extract-synthesized CeO 2 NPs have been tested for various applications such as photoluminescence [116] and gamma radiation sensing [117, 118] . They have also shown various properties such as optical [12] , photovoltaic and photocatalytic [117, 118] , and antimicrobial [12] . The greensynthesized CeO 2 NPs can also be used in biomedical applications due to their autocatalytic properties and less toxicity. Sankar et al. prepared CeO 2 NPs by using aqueous extract of Centella asiatica and compared their superoxide and hydroxyl radical scavenging activities with bulk cerium. The green-synthesized CeO 2 NPs performed better than bulk cerium and had higher cellular uptake and viability in H9c2 rat cardiomyoblasts cell line [168] .
Besides CeO 2 NPs, cerium oxide nanophosphors with the incorporation of rare earth activators, such as Eu 3? and Ho 3? , have been also synthesized via green route using plant extracts [116] [117] [118] , showing promising application for efficient display and white light emitting.
Green synthesis of other metal-based nanoparticles
Iron-based NPs have been produced using Amaranthus spinosus leaf aqueous extracts. These NPs were spherical with rhombohedral phase structure, smaller size, and large surface with less aggregation than those produced with sodium borohydride (Muthukumar and Matheswaran [130] ). Furthermore, these NPs showed better photocatalytic and antioxidant capacity than sodium borohydridemediated NPs. Similar results were obtained by using tea [169] (Camellia sinensis) polyphenols to synthesize iron NPs, and results reveal that the highest rate of bromothymol blue degradation occurs with green synthesized iron NPs, when compared to Fe-ethylenediaminetetraacetic acid (Fe-EDTA) and Fe-ethylenediaminine-dissuccinic acid (Fe-EDDS) (Hoag et al. [75] ). This suggests that, for some applications, better results can be obtained with green synthesized NPs. 
Factors limiting the development of green synthesis of MNPs
Studies support the feasibility of a facile synthesis of NPs using plant extracts. However, an analysis of the pertinent literature revealed challenging issues and shortcomings limiting the advancement of the green synthesis. Major issues, as depicted in Fig. 3 , include: technical, engineering, and economical limitations associated with the source/type and concentration of plant extracts, stoichiometric ratios of the reagents, optimal experimental conditions (temperature, pH, time), yield, and product characterization/application. In addition, process-engineering limitations, operational scalability, and a lack of life cycle assessment are also considered major issues.
Technical factors
Variability in bioactive compounds
Variability in the source/type (i.e., bioactive compounds) of plant extracts is probably the most limiting factor to standardize the green synthesis of metal-based NPs. Most of the reports only show the description of the preparation, collection, washing, and extraction of the plant extract with very little attempt to document which active ingredient triggers the NP formation. For example, Nagarajan and Kuppusamy [134] made comparative studies on the ability of seaweed (Caulerpa peltata, Hypnea valencia, and Sargassum myriocystum) extracts to synthesize ZnO NPs. He found that only S. myriocystum extract could trigger the formation of ZnO NPs. The lack of extract characterization seems to be a common element to the most reports. Only 1 out of 21 articles (Table 5 ) included the characterization of the plant and the extract used in the synthesis [15] , while other researchers made the assumption that extracts were rich in plant metabolites. In case of CeO 2 NPs, Thovhogi et al. [201] found several bioactive compounds (hibiscetin, gossypetine, quercetin, delphinidin, pectin, and cyanidin 3-sambubioside) in Hibiscus sabdariffa flower extract, but failed to identify which substance was responsible for the formation of CeO 2 NPs. The antioxidant power of leaf extracts of 26 different plant species was found to have direct effect on their capacity to reduce Fe(III) to form ZVIs NPs; however, authors just characterized the extracts by determining the ''ferric reducing antioxidant power'' [111] . Most articles on the biogenic synthesis of other NPs have a similar problem, which leave a huge knowledge gap regarding which metabolites in plant extracts are the reducing or capping agents to convert metallic substrates to NPs. Unfortunately, this very broad generalization needs further examination. Obviously, the best source/type of plant extract for the synthesis of each NP has to be identified. Studies cataloging the contribution of the different phytochemicals may be necessary.
A corollary to the lack of knowledge on the bioactive components of plant extracts is the poor understanding on the underlying reaction mechanisms in green synthesis. Despite attempts made by several researchers to unravel the mechanism, it is still a major knowledge gap in green synthesis. Shankar et al. [176, 177] employed IR techniques in deducing the mechanism involved in the green synthesis of Au NPs and concluded that the aldehyde and ketones from sugars in lemon grass extract are involved in the reaction intermediates. IR analyses also suggested that alcohol, amine, and acid groups are responsible for the reduction of the Au(III) ions to form the Au NPs [207, 208] . In another study, Terenteva et al. [196] suggested that flavonoid compounds with lower redox potential facilitate the electron transfer such that flavonoids containing higher hydroxyl groups in their structures are able to produce more Ag NPs. Velmurugan et al. [212] also observed the interaction between Ag ions and hydroxyl groups in phenolic and other compounds from peanut shell extract. It is clear that the existing studies lack description of reaction mechanisms to control the morphology and particle size, which are characteristics inherent to the current physical and chemical synthesis processes. It is understandable that with the difficulty in identifying the active components, it is impossible to comprehend the underlying mechanisms for the green synthesis of NPs. The number of potential reducing agents complicates the investigation of the mechanism. This suggests performing studies using pure solutions of active components found in plant extracts to gain more insights into the efficacy of such compounds in green synthesis.
Variability in experimental conditions
The literature is also lacking analysis of experimental conditions for plant extract-assisted synthesis of NPs. Since [196] showed an optimum pH range of 8-10 to get the highest yield of Ag NPs. In a separate study, Bonatto and Silva [21] described the influence of temperature on the hydrodynamic diameters of Ag NPs. Suspension incubated at 0°C revealed three size populations, while those at 50 and 75°C only had one. More negative zeta potential values for Ag NPs were recorded at 25 and 75°C. Similarly, plant extract reduction of Au ions to Au NPs is temperature dependent [207, 208] .
In a related study, Rafaie et al. [157] reported the synthesis of ZnO NPs using Citrus aurantifolia extracts at pH values of 5, 7, and 9. Authors reported that the pH had direct influence on the growth and aspect ratios of ZnO nanorods. These researchers observed that the nanorods' growth was inhibited in acidic conditions, compared to those in neutral and alkaline solutions. The NPs synthesized at pH 5 were smaller and shorter than those formed at pH 7 and 9. Likewise, Nagarajan and Kuppusamy [134] found that formation of ZnO NPs using S. myriocystum extract yielded better results at pH 8, compared to other pH values (i.e., 5, 6, 7, 9, and 10) tested. The same researchers also observed that the reaction temperature affects the nanoparticle formation. They found that 80°C was the optimum condition for the synthesis of ZnO NPs [134] . In contrast, other procedures describe reaction temperatures as low as 50°C to as high as 300, 400 and 450°C [7, 13, 15, 157] . The reaction time is another factor that could vary from 1 to 8 h [121, 134] . A review of publications shown in Tables 2, 3 , 4, 5, 6, 7 and 8 reveals that the majority of these studies did not explain on the optimization of conditions employed in the synthesis. A more thorough investigation on the experimental conditions is needed to determine how they affect the mechanisms involved in the synthesis of each NP.
Engineering factors
Commercial NPs are produced under rigorous standards that guarantee the quality and performance of the products. This includes uniformity in size and surface composition to assure similar behavior. In fact, there are several parameters controlling the plant-based synthesis of MNPs that need further studies (Table 9 ). So far, most of the greensynthesized MNPs have not been characterized for properties like zeta potential, thermal and electrical conductivity, and layer of atoms in the external part. In addition, only a few reports (Tables 2, 3, 4 , 5, 6, 7, 8) show monodispersion of the green-synthesized MNPs. Works on the green synthesis of Au NPs suggest that uniform material is not produced due to the diversity in bioactive compounds present in different plant materials [60, 162, 178] . Shankar et al. [176, 177] reported that sugars present in lemon grass extracts induced the production of triangular Au nanoplatelets, whereas Fayaz et al. [54] showed that aqueous extracts of Madhuca longifolia leafs produced Au NPs and Au platelets varying from 7 to 3000 nm. On the other hand, Smitha et al. [181] showed that an aqueous extract from Cinnamomum zeylanicum was able to reduce Au ions from HAuCl 4 solution to form Au NPs. The morphology of the smaller NPs was spherical, whereas that of the larger particles had mixed geometries consisting of triangular platelets and spherical particles. The literature on the biogenic synthesis of Au NPs (Table 2 ) reveals similar problems in Au reduction, which clearly hinders the possibility of mass production of Au NPs via green synthesis. These problems have been present since the very beginning of the green synthesis of MNPs and have been continually reported. The stoichiometric ratio of the extract and metal precursor is a factor that affects the size, shape, yield, and other characteristics of green-synthesized MNPs. The reduction of Au ions using plant extracts has been shown to produce smaller particles with higher plant extract concentrations [207, 208] . Biogenic synthesis of Ag NPs (Table 3) revealed that silver nitrate/extract ratio is the main parameter controlling the synthesis and stability of Ag NPs. Villanueva-Ibáñez et al. [214] observed that Ag NPs synthesized using 1-5 mL of corn husk extract had smaller particle size than those formed at higher extract volume (8 mL), while [196] reported an optimum silver nitrate concentration ranging between 0.8 and 2 mM to get the highest yield of Ag NPs.
The concentration of plant extract is also a critical factor influencing the shapes and crystallinity MNPs. Davar et al. [42] reported that size distribution of ZnO NPs increased with the volume of lemon extract used in the synthesis. These researchers found a narrower size distribution at 30 mL lemon juice, which increased to submicrometer size at 50 and 70 mL extract. Similarly, Nagarajan and Kuppusamy [134] detected formation of ZnO NPs only at 5 mL of S. myriocystum extract, while [121] observed varying degrees of crystallinity at different concentrations of Sapindus rarak extracts. Likewise, other reports illustrated the influence of the precursor zinc concentration on the synthesis of ZnO NPs. Nagarajan and Kuppusamy [134] detected the formation ZnO NPs at 1 mM zinc nitrate but not at other concentrations (0.25-0.75 mM), whereas [167] observed morphological variations at different concentrations of zinc acetate (0.05-0.20 M). In addition, an analysis of the stability of plant-based synthesized NPs has not been included in the particle characterization. Very few reports have mentioned that plant-based synthesized NPs were surface capped, but none of them report characterization of the capping. For example, Jang et al. [82] reported that the extract of Lonicera hypoglauca flowers functions as silver nitrate reducer and capping agent of the Ag NPs. They used UV-Vis spectroscopy, FTIR, SEM-ED, TEM, and SAED to characterize the NPs but did not characterize the surface coat. In fact, plant-based synthesized MNPs can be capped with several organic molecules [97] . Therefore, much more data are needed to assess and determine the feasibility of the whole process and to obtain a comprehensive analysis on the direction where the green synthesis is headed.
Economical and environmental factors
Some other factors are overlooked in current studies. Claims that biogenic synthesis of NPs is more environmental friendly and compatible with biological systems, compared with the chemical approach, are not widely supported. There are no clear evidences that green approaches are environmental friendly. Case studies appraising how much energy is saved, how many toxic reagents are avoided in lieu of non-toxic alternatives, and the ecological and economic impacts of using plant materials, among others, might be helpful in understanding the environmental benefits of the green synthesis. The effects of plant material conditions (e.g., fresh or dried), extraction conditions (temperature, contact time, volume/mass ratio), and extract storage, in the efficiency of the process have to be studied. There is also a lack of research demonstrating the feasibility of adopting the process to an industrial and more massive scale. Scaling up the green production will increase tremendously the required volume of plant source and extracts, which may be a limiting factor to achieve the long-term demands. Unfortunately, these factors are not well understood. Other factors to evaluate are the yield and stability of the green-synthesized NPs. Yield is a sound measure in assessing the efficiency, practicality, and profitability of the green synthesis. The amount of starting reagents, both the metal compounds and the extract, is reported in the studies (Tables 2, 3 , 4, 5, 6, 7, 8) , but the yield efficiency of the process is staggeringly missing in the reports. To authors' knowledge, an economic analysis of plant-based production of MNPs is missing. In addition, nobody has characterized the metrics to evaluate the green synthesis of MNPs. For example, the effective mass yield, mass intensity, and the stoichiometric factor, among others, are parameters to be calculated for a better assessment of the green synthesis of MNPs [204] (Fig. 3 ).
Conclusions and future work
From the beginning, the methods for the synthesis of metalbased NMs using green processes have been touted in the last three decades as being ''environmentally friendly and cost-effective'' alternatives to traditional approaches. There has been an explosion of research publications highlighting the benefits of the green synthesis. In practice, all industrially produced MNPs have also been synthesized using plants/plant extracts or microorganisms. Several species of plants and microbes have shown to be promising sources for the green synthesis of MNPs. State-of-the-art analytical techniques such as transmission electron microscopy, X-ray absorption spectroscopy, and X-ray diffraction, among others, have been used to characterize the different NMs generated by green syntheses. Nanoparticles and nanoplates of different forms and sizes have been reported. More than 50 plant species and several microbial species have been used. Extracts of leaves, flowers, and fruits, as well as several plant-derived materials, have shown to reduce metals, forming nanostructures. The green-synthesized MNPs have shown similar properties as their chemically synthesized counterparts. However, almost all of the reports have shown a lack of regularity in size and forms of the synthesized MNPs and, practically, none of them have quantified the production. Other aspects related to the green synthesis are the variety of plant compounds with potential to reduce the metals. Phenolic, amino, carboxyl and hydroxyl groups, proteins, and aminoacids, among others, have shown reducing capacity, resulting in the production of NPs. Moreover, variations in the production conditions result in differences in the synthesized materials. In most of the reports, there is no clear mention of the reducing factor, and none of them have presented stoichiometric calculations. A clear description of the resulting nanoparticles in each extracts condition may allow to fine tune of nano properties. The problems mentioned above raise questions like: How much reducing agent can be obtained from the target plant? How much biomass will be needed for a sustainable production of the respective NP? The literature shows that in 2010 there was a global production of 260,000-309,000 metric tons of MNPs [85] ; how much time will be needed for the production, for example, of one ton of green-synthesized NPs? These queries suggest that the future work has to be focused to answer the following research questions:
1. Quantification of the NP production (ratio of starting material/reducing agent for a specific volume of MNP).
2. Establishment of the production time for a required volume of determined MNPs. 3. Standardization of conditions for the production of monodisperse specific particles. 4. Stability of the green-synthesized MNPs. 5. Identification with no doubt of best plant/plant-derived materials for the synthesis of specific MNPs. 6. Clarification of the biochemical and molecular mechanisms involved in the formation of specific NPs. 7. Definition of costs of production of specific amounts of MNPs. 8. Development of chemistry metrics for the green synthesis of MNPs.
Until these questions are answered, the green synthesis of nanomaterials is a scientific curiosity with no possibilities of scaling up to industrial levels.
